This work examines the efficacy and efficiency of Bucolzia coriacea (BC) and Cninodoscolus chayansa (CC) plants extracts as corrosion inhibitors for aluminium pigments using gas volumetric technique. The results obtained from this study indicate that all the extracts inhibited the corrosion process by extending the latency periods of the aluminium pigment-extract mix far beyond that of the bare aluminium pigment. Inhibition efficiency obtained was not only concentration dependent but also plant dependent and followed the order: BC>CC. A linear correlation was obtained between inhibition efficiency and duration of latency for each extract. Molecular modeling was used to evaluate the structure, electronic reactive parameters of the plant extracts in relation to their effectiveness as corrosion inhibitors.
Introduction
Metallic pigments are being increasingly used in various kinds of applications. As one of the important metallic pigments, aluminium particles have been widely used in printing inks, automobiles, roofing and painting industries for many years because of its shiny appearance, excellent properties and cheap price (Kiechl, 1999; Lui et al., 2007; Karlson, 2006) . Aluminium pigments are usually manufactured from aluminium granules by a ball milling process in the presence of mineral spirit and fatty acid (Karlson, 2006) . During the process of forming, the surface areas of the aluminium particles are drastically increased, resulting in high surface reactivity by water (Reisser et al., 1995; Karlson, 2006; Kiechl, 1999; Muller, 1995a) .
Due to increasing environmental awareness and the need to replace solvent-borne coatings, water borne paints and inks are nowadays being developed as environmentally friendly alternatives. For coatings based on aluminium pigments, replacing the organic solvent by water however poses a considerable challenge. This is because under the slightly alkaline conditions in which most water-borne paints exist, aluminium reacts with water to form aluminium oxide and aluminium hydroxide according to the scheme (Karlson, 2006; Lui et al., 2007; Kiehl et al., 1999; Muller et al., 2001a; Muller, 2004 
These reactions lead to loss of the shiny appearance of the pigment particles and more importantly the evolved hydrogen gas may lead to unacceptable pressure build up in containers and constitute explosion hazards (Muller, 1999; Muller et al., 2001b; Besold et al., 1995) . Hence there is a need to protect the surface of pigment particles using suitable corrosion inhibitors, which show sufficient affinity for the pigment surface. Again, owing to increasing ecological awareness and strict environmental regulations as well as the inevitable drive towards sustainable and environmentally friendly processes, attention is now focused on the development of substitute nontoxic alternatives to inorganic and organic inhibitors applied earlier. Consequently the current focus in corrosion inhibitor research is to identify and develop new classes of non toxic, benign, inexpensive and efficient alternatives. In this regard, there has been increasing interest in investigating natural products of plant origin for corrosion inhibiting efficacy. Abdel-Gaber et al. (2008) investigated the inhibition of aluminium corrosion in alkaline solutions using Ambrosia maritime L (damsissa) extract employing different chemical and electrochemical techniques. Water extracts from leaves of date palms, phoenix dactylifera, henna, Lawsonia inermis, and corn (Zea mays), were tested as corrosion inhibitors for steel, aluminium, copper and brass in acids and sodium hydroxide solutions, using weight loss, solution analysis and potential measurements (Rehann et al., 2003) . Priya et al. (2005) studied the corrosion behaviour of aluminium in rain water containing garlic extract. The inhibitive action of the acid extracts of seeds, leaves and barks from the Ficus virens plants towards hydrochloric and sulphuric acid corrosion of aluminium has been tested using weight loss and thermometric techniques (Jain et al., 2006) . Kliskic et al. (2000) analyzed aqueous extract of Rosmarinus officiantus as corrosion inhibitor for aluminium alloy corrosion in chloride solution. EL-Hosary et al. (1972) studied the corrosion inhibition of aluminium and zinc in HCl using Hisbiscus subdariffa extract. Avwiri and coworkers (2003) studied the inhibitive action of Vernonia amygdalina on the corrosion of aluminium alloy in HCl and H 2 SO 4. A series of reports from our laboratory investigated the corrosion inhibition efficiency of some plant extracts including Sansevieria trifasciata, Ocimum basilicum, Telfaria occidentalis extracts on aluminium and mild steel corrosion in different environments using the gas volumetric technique (Oguzie et al., 2005; Oguzie, 2005 Oguzie, & 2007 . The studies revealed that the gasometric technique was well suited for the present investigation Unlike aluminium metal, corrosion and corrosion inhibition of aluminium pigments has not attracted so much attention and such studies are not widely reported. Nevertheless, the few studies in the area have demonstrated that the same theories and mechanisms apply and some organic compounds that inhibit aluminium metal corrosion also function well on aluminium pigments. The organic inhibiting agents range from low molecular weight substances such as phenols and aromatic acids; surfactants such as alkyl phosphates and other anionic amphiphiles, to high molecular weight compounds such as polyelectrolyte (Karlsson et al., 2006; Das et al., 2004; Kummert et al., 1980; Muller et al., 2001b Muller et al., , 2002 Muller et al., & 2003 Muller, 2000; Muller, 1995b) . A common feature for them all is that they contain functional groups that interact specifically with aluminium at the surface by adsorption and plant extracts are rich in such species. Interestingly, recent developments in DFT-based quantum chemical computations have intensified the search for new and more efficient inhibitors. Quantum chemical methods and molecular modeling techniques enable the definition of a large number of molecular quantities characterizing the reactivity, shape, and binding properties of a complete molecule as well as of molecular fragments and substituents. These are, namely, the geometrical structure of the molecule, the dipole moment, the highest occupied molecular orbital (HOMO) energies and lowest unoccupied molecular orbital (LUMO) energies (Matinez et al., 2003; Gece, 2008; Levine, 1991) .
The present study investigates the efficacy and efficiency of plant extracts as corrosion inhibitors for aluminium pigments in aqueous alkaline environments using the gas volumetric technique. Two different plant extracts: Cninodosculu chayansa (CC) and Buchulzia coriacea (BC) have been evaluated for their effectiveness in controlling the corrosion of aluminium pigment in aqueous alkaline environment at varying conditions of temperature, pH and concentration. Attempt has also been made to determine the molecular electronic structures of some of the extract components by means of quantum chemical calculations in the framework of the density functional theory (DFT). This is to enable elucidation of the possible adsorption sites in the molecules.
Experimental

Material
100% unstabilized nonleafing aluminum pigment powder (average particle diameter 16 µm; specific surface about 5m2/g: BET method) was used. The corrosion medium consists of a mixture of 100mL of water and buthyl glycol in the ratio 9:1. To improve the wetting of the hydrophobic aluminium particles, 2.0% a wetting agent (adduct of 10 moles of ethylene oxide to nonylphenol) was added. The pH value of the medium was raised to 10.5 and sometimes to 8.5 with triaminomethylphenol (AMP3). All reagents were supplied by Benda Lutz of Austria.
Stock solutions of the biomass extracts were prepared by boiling weighed amounts of the dried and ground leaves of CC and BC under reflux for 3 h in 0.5 M NaOH. The resulting solutions were allowed to cool to room temperature and filtered. The amount of plant material extracted into solution was quantified by comparing the weight of the dried residue with the initial weight of the powdered plant material before extraction. Inhibitor test solutions were prepared from the respective stock solutions by appropriately diluting with NaOH.
The Gasometry
The gasometric assembly is essentially an apparatus that measures the volume of gas evolved from a reaction system and consist of a 250ml Erlenmeyer flask connected via a delivery tube to a burette which was in turn connected to a reservoir of paraffin oil. This set-up provides a rapid and sensitive means for gauging any perturbation by an inhibitor with regard to gas evolution within the system. Results obtained by this technique are well corroborated by other well established techniques including weight loss thermometric, potentiostatic polarization and impedance spectroscopy amongst others.
Experimental Procedure
1g of the aluminium pigment was weighed and placed into a 250 ml Erlenmeyer flask. 100ml of the test solution was added to the Erlenmeyer flask, and the magnetic stirring bar. The pH value was checked and readjusted with AMP3.
The magnetic stirrer was switched on and the thermostat set to the required temperature. The liquid level in the burette was adjusted to zero level and the valves opened. The temperature was allowed to balance for 10 minutes. The generation of gas volume was read periodically and the test was concluded after generation 100ml of hydrogen.
During the inhibition test the plant extracts were dissolved (in vol. concentrations) in the corrosion medium before the dispersion of the aluminium pigment, and the pH adjusted as necessary. The settled aluminium pigment showed initially a metallic sparkle and reacted completely by rapid effervescence resulting from hydrogen gas evolution to form aluminium hydroxide.
Results and Discussion
The Aluminium Pigments
The progress of the corrosion reaction of the standard aluminium pigments were assessed by measuring the volume of hydrogen gas evolved with time. Figure 1 represents the data obtained during the corrosion of standard aluminium pigment in the test solution at pH 8.5 and 10.5 and temperatures 30 and 40 o C. A close inspection of the data reveals not only the presence of a period in which there were no gas evolution but also a difference in the values obtained at pH 8.5 and that at pH 10.5. This period has been referred to by various names such as induction period or incubation period (Oguzie, 2008) or latency period (Muller, 1999) and represents the time required by the solution to neutralize the pre-immersion oxide coating on the aluminium pigment surface. Other authors (Muller, 1999 (Muller, , 2004 had obtained similar pH-dependencies in the latency periods using similar techniques and other corrosion inhibitors for aluminium and this effect was attributed to the influence of isoelectric point (IEP) pH of aluminium (pH 9) (Harman, 1994) . At pH 8 (below the (IEP)) the aluminium surface is positively charged, whereas at pH 10 (above the (IEP)) the surface is negatively charged and here we are considering an aqueous solution containing other ions. The preponderance of negatively charged ions can lead to instability in the system resulting from charge repulsions.
The stability of the aluminium surface as a function of pH can also be derived from the Pourbaix diagram (Harman, 1994 
Addition of the Plant Extracts
All gas-volumetric results of the corrosion of the aluminium pigments at 40 o C and pH 10.5 without and with addition of 4.0% (v/v) of CC and BC plant extracts is summarized in Figure 3 . Here also we observed the presence of latency periods which represents not only the time required to break down the pre-immersion oxide but also the time to cause the desorption of the inhibitor molecules from the aluminium surface. Figure 4 compares the latency periods of the inhibited solutions with the standard. After the latency period, the corrosion reaction initiated with a high rate. The rate of hydrogen evolution could be approximated using the following equation:
where V is the volume of the evolved H 2 gas at time t and k is the specific rate constant. This rate is similar beyond the latency period for each extract because once the inhibitor film is removed the underlying substrate is the same and should have similar properties. The presence of longer latency periods in the inhibited experiments is a clear indication that the plant extracts inhibited the corrosion of the aluminium pigment in the test medium. The protective action of an organic compound during corrosion of a material is based on the adsorption ability of their molecules where the resulting adsorption film isolates the material from the corrosion medium. Consequently in inhibited solutions, the corrosion rate is indicative of the number of free sites remaining after some sites have been effectively blocked by the adsorbed inhibitor. If it is assumed that corrosion occurs only at the free sites while the covered sites have negligible corrosion rates the degree of surface coverage (θ) and hence the inhibition efficiency (IE%) can be calculated as follows:
where L free and L inh correspond to the latency periods in the absence and in the presence of inhibitor respectively. The inhibition efficiencies values obtained are 96.6% and 85.5% for BC and CC respectively. This result shows that the longer the latency period the higher the inhibition efficiency. It is obvious that the additives displayed remarkable protective ability in the examined medium which can be attributed to chemical composition of the plant extracts which includes tannins, saponins, carbohydrates, proteins etc, some of which has been reported to retard metal dissolution (Oguzie, 2008) .
Attempt was also made to establish the trend of the inhibition efficiencies of each extract on the pigment surface as a function of the volume of hydrogen evolved within a given period. The result obtained is presented Table 1 and Figure 5 . A close inspection of the data shows that the efficiency of the extracts gradually diminished as more and more gas is evolved from the system resulting from continuous agitation and subsequent desorption of the inhibitor from the pigment surface. BC extract CC extract Figure 5 . Inhibition efficiency of BC extract and CC extract as a function of evolved H 2 gas volume. Efficiency gradually diminishes as more and more gas is evolved from the system
Effect of Concentration
To establish the effect of concentration on latency and hence the inhibition efficiency, CC which showed the lower latency period was selected for further investigation. Figure 6 summarizes the result obtained with addition of increasing amounts of CC (4.0-10.0%). Figure 7 is the plot of latency periods with concentration which shows that the latency period is also concentration dependent. With increasing concentration of extract the corrosion reaction was further delayed and this also translates to higher inhibition efficiency. The higher degree of protection obtained at higher concentration is as result of higher degree of surface coverage resulting from enhanced inhibitor adsorption. The trend of inhibition efficiency with time showed that it is possible to achieve 100% coverage and it also shows that at higher concentration adsorption predominates over the tendency to desorb. This fact is corroborated with the data presented in Table 2 which represents the trend of inhibition efficiency as a function of volume of hydrogen evolved at the different concentrations. 
Adsorption Consideration
It is widely acknowledged that organic inhibitors function by adherence to a corroding metal surface through the metal ions still in place at the lattice and thereby retard metal dissolution by virtue of adsorption. A given inhibitor acts by means of a specific adsorption mechanism that depends on the composition of the metal and corrodent, inhibitor structure and concentration as well as temperature. Generally, an inhibitor may either be physically or chemically adsorbed on the metal surface. Although the border line between the two mechanisms is often blurred and their distinction difficult, a number of experimental criteria make this possible. The energy of adsorption could not be calculated due to the unknown molecular mass of the extract. Hence the criterion based on the change of activation energy in the inhibited system with respect to the uninhibited one, has been applied. It is usually argued that upward or downward changes in the activation may express the advantageous physical or chemical bonding (Martinez, 2003; Popova et al., 2003) . The effective energy of activation E a was calculated by application of the Arrhenius relation:
Where k is the specific rates constant defined by Eq.3, R is the universal gas constant and T is the thermodynamic temperature. For the purpose of calculating a E , the corrosion rates were measured at 40 o C and at the inhibitor concentration equal to 4.0 % (v/v). The respective energies of activation were 55.02, 56.40, 71.40 kJmol -1 for the blank CC and BC respectively. The increase of the activation energy in the inhibited systems indicates preferential physical bonding of the inhibitor molecules to the pigment surface.
Theoretical Consideration
Experimental results show that the corrosion-inhibiting efficacy of the plant extracts result from adsorption of the extract organic matter on the corroding metal surface. This normally results from Lewis acid-base interactions in which the metal and inhibitor molecules act as a Lewis acid and Lewis base, respectively, and their interaction is accomplished by favorable overlap of frontier orbitals and sharing of electrons between the inhibitor and the partially filled d-orbitals of the metal (Oguzie et al., 2010) . A practical route to studying the complex processes associated with metal-inhibitor interactions at the molecular level involves computer simulations of suitable models, and density functional theory (DFT) has been used widely in this regard (Rodriquez et al., 2006) . The approach we used with the plant extracts in view of their complex chemical composition involved qualitative characterization of the phytochemical constituents coupled with elucidation of their molecular structures. We then model the molecular structures using a combination of DFT-based quantum-chemical calculations and molecular dynamics simulations to theoretically evaluate the inhibiting potential based on structure-activity relationships such as the HOMO (highest occupied molecular orbital) energy, the LUMO (lowest unoccupied molecular orbital) energy, the gap energy, (ΔE, E LUMO -E HOMO ), the dipole moment (μ). We have performed such calculations to model the adsorption structures of the major chemical constituents of the extracts: L-lysine (LY) and cystein (CY) from CC; Emodine (EMD) and Glycoside (GLY) from BC extract. The ground state geometry of the inhibitor as well as the nature of its frontier molecular orbitals namely, the HOMO and LUMO are all involved in the activity of the inhibitor and these properties were calculated by means of the DFT electronic structure program Dmol 3 available in material studio version 4.0 and presented in Figures 8-11 . The regions of highest electron density (HOMO) are the sites at which electrophiles attack and represent the active centers, with the utmost ability to bond to the metal surface, whereas the LUMO orbital can accept the www.ccsenet.org/ep Environment and Pollution Vol. 1, No. 2; 2012 electrons in the d-orbital of the metal using antibonding orbitals to form feedback bonds (Xia et al., 2008) . This indicates a very similar capacity for charge donation to the metallic surface. In the same way, low values of the energy of the gap, ΔE, will render good inhibition efficiencies since the energy to remove an electron from the last occupied orbital will be minimized. The dipole moment (μ) is the first derivative of the energy with respect to an applied electric field and is a measure of the asymmetry in the molecular charge distribution. A low value of the μ favors accumulation of inhibitor molecules on the metal surface and is also an indication of the hydrophobic character of the molecule. Values of μ ranging from 3 to 5 have been reported in the literature (Cruz et al., 2003 , Roque et al., 2008 Rodiquez et al., 2006) .
The local reactivity of the molecules was analyzed by means of the Fukui indices (FI) since they indicate the reactive regions in terms of nucleophilic (f + ) and electrophilic (f -) attack. The f + , measures the changes of the density when the molecule gains electrons and it corresponds to the reactivity with respect to nucleophilic attack. On the hand, f -corresponds to the reactivity with respect to electrophilic attack or when the molecule loss electrons. We observed that the FI functions of all the molecules correspond with the HOMO locations, indicating the zones through which the molecule will be adsorbed onto the pigment surface. The chemical adsorption is indeed the most important type of interaction between the metallic surface and an inhibitor molecule. For this to be possible, the adsorbed species must be in contact with surface. In this process, a coordinated bond that involves the electro transference from the inhibitor system towards the metallic surface is formed. The electron transference is facilitated when the inhibitor molecule has a lone pair of electrons without share in the donating atom of the functional group, and the availability of п-electrons due to the presence of the double bonds or aromatic rings in the structure.
From the theoretical calculations carried out with the neutral forms of these molecules, it can be concluded that the structural and electronic properties of these molecules are very similar. Consequently, theoretical calculations with only the neutral form of these molecules could be a good approach for the study of their potential inhibition capacity for metal corrosion inhibition. However, certain features point toward the individual corrosion-inhibiting efficacies of the molecules. For instance, the calculations indicate that the CY molecule has the highest HOMO energy (6.183(eV)), indicating a stronger tendency of the molecule to donate electrons to appropriate acceptor molecules of low empty molecular orbital energy. GLY has the lowest E LUMO value, showing that the molecule would readily accept electrons from the metal d-orbital. EMD on the other hand has the lowest ΔE value, which corresponds to higher stability of the (Al-EMD) complex as well as high values of the dipole moment and polarizability, which describe the reactivity of the inhibitor molecule toward the metal surface.
Molecular Dynamics
We also performed molecular dynamics (MD) simulations to illustrate the adsorption of the molecules onto both the pure and corroding metal surface at a molecular level. This was achieved using Forcite quench molecular dynamics in the MS Modeling 4.0 software to sample many different low-energy configurations and identify the low energy minima (Oguzie et al., 2010) . Among the different steps involved in the modeling approach was the construction of the metal surface and the addition of the inhibitor molecule near to the surface followed by the Binding energy is an important factor to characterize the adsorption ability of an inhibitor molecule onto the metal surface which can be calculated by the following equation:
E Bind =E Total -(E Al +E inh )
with E Al and E inh being the total energy of the Al crystal and the inhibitor molecule respectively. In each case the E Al and E inh were calculated by taking the average of the energies of six structures of lowest energy. The values of the binding energies for the components of CC and BC on both pure and oxide Al(110) are included in Table 3 . The molecules show similar binding energies on either surfaces but with much higher values on the oxide surface. For the Al 2 O 3 surface, cation Al 3+ presents anodic reaction center, which can bind to the nucleophilic attacking center in the inhibitor molecules. Anion O 2-presents as a cathodic reactive center, which can bind to nucleophilic centers in inhibitor molecules. Therefore, inhibitor molecule can be adsorbed onto the Al 2 O 3 surface through interaction with these sites, and as a result, the transport of corrosive species is restricted from solution to metal surface. Then electrochemical reactions are retarded.
The value of the binding energy is negative which means that adsorption was spontaneous and this corresponds to a more stable adsorption structure. Several authors agree that high binding energy values reflect the high stability of the formed complex and accordingly increase in inhibition efficiency (Xia et al., 2008 , Zhang et al., 2007 and this observation is consistent with our experimental result. The adsorption models of the molecules have been omitted since the key interest here is on the binding energy.
Conclusion
The results obtained from this study indicate that all the extracts inhibited the corrosion process by virtue of adsorption on the surface of the aluminium pigment leading to an extended latency periods compared to that of the uninhibited aluminium pigment. The latency period was found to depend on pH, temperature, stirring rate, concentration and plant type. A linear correlation was obtained between inhibition efficiency and duration of latency for each extract. Molecular modeling was used to evaluate the structure, electronic reactive parameters of the plant extracts in relation to their effectiveness as corrosion inhibitors.
